To determine whether the denervated stomach as an esophageal substitute recovers normal intraluminal acidity with time.
Objective
To determine whether the denervated stomach as an esophageal substitute recovers normal intraluminal acidity with time.
Summary Background Data
Bilateral truncal vagotomy to the stomach as an esophageal substitute reduces both gastric acid production and antral motility, but a spontaneous motor recovery process takes place over years.
Methods
Intraluminal gastric pH and bile were monitored during a 24hour period 1 to 195 months after transthoracic elevation of the stomach as esophageal replacement in 91 and 76 patients, respectively. Nine patients underwent a second gastric pH monitoring after a 3-year period. The percentages of time that the gastric pH was less than 2 and bile absorbance exceeded 0.25 were calculated in reference to values from 25 healthy volunteers. Eighty-nine upper gastrointestinal endoscopies were performed in 83 patients. Patients were divided into three groups depending on length of follow-up: group 1, less than 1 year; group 2, 1 to 3 years; group 3, more than 3 years.
Results
The prevalence of a normal gastric pH profile was 32.3% in group 1, 81.5% in group 2, and 97.6% in group 3. The percentage of time that the gastric pH was less than 2 increased from group 1 (27.3%) to group 2 (56.1%) and group 3 (70.5%), parallel to an increase in the prevalence of cervical heartburn and esophagitis. The percentage of time that the gastric pH was less than 2 increased from 28.7% to 81.2% in the nine patients investigated twice. Exposure of the gastric mucosa to bile was 12.8% in patients with a high gastric pH profile versus 19.3% in those with normal acidity. In the esophageal remnant in six patients, Barrett's metaplasia developed, intestinal (n ϭ 2) or gastric (n ϭ 4) in type.
Conclusions
Early after vagotomy, intraluminal gastric acidity is reduced in two thirds of patients, but the stomach recovers a normal intraluminal pH profile with time, so that in more than one third of patients, disabling cervical heartburn and esophagitis develop. The potential for the development of Barrett's metaplasia in the esophageal remnant brings into question the use of the stomach as an esophageal substitute in benign and early neoplastic disease.
For a long period in the 20th century, bilateral truncal vagotomy was the mainstay of treatment of duodenal ulcer disease, according to the principle of "no acid, no ulcer." 1 The same procedure in relation to subtotal esophagectomy may dramatically impair acid secretion by the gastric transplant as an esophageal substitute at early follow-up, as attested to by the reduction in both basal and peak acid outputs by 83% and 30%, respectively. 2 However, early postoperative 24-hour intragastric pH monitoring 3 identifies two distinct populations with respect to residual intraluminal acidity: one category of patients who retain substantial intraluminal acidity and another one with hypoacidity. In addition, there is evidence for spontaneous recovery of acid production by the denervated gastric wall over time. Thus, a positive Congo red test was found to be more common in patients with more than 5 years of follow-up than in those investigated earlier. 4 Likewise, comparison of data from two series of gastric transplant patients 2, 3 indicates that the prevalence of cervical heartburn and endoscopic inflamma-tion in the esophageal remnant on the one hand and exposure of the latter to acid on the other are higher in patients with more than 1 year of follow-up than in those studied 6 to 12 months after surgery. Moreover, according to the well-known functional parallelism between the submucous and myenteric plexuses of the stomach, 5 the spontaneous motor recovery process we have found in the denervated whole stomach as an esophageal substitute 6,7 also bears out the hypothesis that acid secretion may recover with time. We know also that vagotomy for duodenal ulcer disease becomes less and less effective with time: long-term recurrence is experienced by up to 30% of patients parallel to a progressive increase in acid production. 8 In this setting, we attempted to monitor intragastric pH for a 24-hour period in a large population of gastric transplant patients with a wide range of postoperative follow-up to answer two questions: does truncal vagotomy consistently alkalinize gastric contents just after surgery, and does initially alkalinized gastric juice become more acidic with time?
In addition, the presence of bile in the stomach was monitored during a 24-hour period with the Bilitec device and the esophageal remnant was examined endoscopically to answer two subsequent questions: does eventual acidification of gastric contents with time reflect a real increase in acid production by the gastric wall or rather a progressive reduction in the neutralizing effect of duodenal juice refluxing into the gastric cavity, and does acidification of gastric contents with time predispose to the development of cervical heartburn and esophagitis?
METHODS

Study Population
The study population comprised 91 patients who had undergone subtotal esophagectomy, bilateral truncal vagotomy, and gastric pull-up for either cancer (n ϭ 86) or benign disease (n ϭ 5) of the thoracic esophagus. They were 71 men and 20 women, ages 33 to 82 years. Postoperative follow-up ranged from 1 to 195 months (mean 44.5, median 28). The gastric transplant consisted of the whole stomach in 65 patients and a greater curvature tube in 26. 9 Its construction included a gastric drainage procedure in 67 of the 91 patients (pyloroplasty in 38, pyloromyotomy in 16, intraluminal disruption of the pylorus in 13). The esophagogastric anastomosis had been performed in the neck (n ϭ 78) or at the apex of the chest (n ϭ 13) using an end-to-end manual technique (n ϭ 45), circular stapling (n ϭ 13), or a terminalized side-to-side semimechanical technique (n ϭ 33). 10 In three patients, an early postoperative anastomotic stricture developed that was treated by endoscopic dilations. At the time of the study, however, all patients could take the same food as their spouses, and only one patient was incapacitated by postprandial vomiting. Patients were divided into three groups depending on whether they were investi-gated less than 1 year (group 1), 1 to 3 years (group 2), or more than 3 years (group 3) after surgery. Eighteen group 1 patients were taking erythromycin ethylsuccinate orally (750 mg daily); 13 were not.
Study Protocol
All 91 patients were interviewed by one of the authors about the presence of cervical heartburn. Reflux symptoms were graded as none (grade 0), less than once a week and not requiring specific treatment (grade 1), more than once a week and requiring antacids on demand (grade 2), or present daily and requiring regular intake of antacid or mucosaprotective medicines (grade 3).
Eighty-three of the 91 patients agreed to undergo upper gastrointestinal endoscopy to assess mucosal inflammation in the esophageal remnant (i.e., erythematous or erosive esophagitis, or metaplastic changes). Biopsy specimens were taken from any mucosal abnormality and sent to the pathologist for microscopic examination. In addition, six of nine patients investigated twice underwent a second endoscopic examination.
All 91 patients underwent 24-hour intragastric pH monitoring with use of a pH probe connected to a portable pH monitor (Mark III Digitrapper, Medtronic, Skovlunde, Denmark). The presence of bile in the gastric lumen of 76 patients was studied concomitantly with the use of the Bilitec device 11 (Medtronic). Nine patients investigated 1 to 44 months (mean 19, median 14) after surgery underwent a second intragastric pH monitoring after a period ranging from 34 to 37 months. Antacid therapy, if any, was discontinued for more than 10 days before the examination. The percentages of time during which the intragastric pH was less than 2 and bile absorbance exceeded 0.25 for the total period of recording were obtained. Gastric pH and bile data were compared with measurements from 25 healthy volunteers 12 (for the percentage of time the gastric pH was less than 2, the fifth percentile was 37%; for the percentage of time the gastric bile absorbance exceeded 0.25, the 95th percentile was 22.9%). Both pH and bile data were expressed as mean Ϯ standard error.
From a practical standpoint, pH and bile probes were bound together, passed transnasally, and positioned in the foregut lumen under fluoroscopic control, 15 cm below the esophagogastrostomy. The subjects were instructed to take three physiologically standardized meals, including liquid and solid foods, with a maximum in vitro bile absorbance of 0.25 (absorbance scale ranging from 0 [plain water] to 1 [total screen]). The meals included white cheese, boiled turkey breast, boiled potatoes, low-fat yogurt, one banana, one apple, white bread, dry biscuits, mineral water, skim milk, and/or Nutridrink (Nutricia, Bornem, Belgium). Only water was permitted between meals. A diary was kept for food intake as well as for the periods of time during which the subject assumed the erect or supine position. The occurrence of cervical heartburn during the monitoring period was noted. Recorded data were transferred to a personal computer for detailed analysis. The computer was equipped with the adapted eso-pH-ogram software (Gastrosoft, Dallas, TX).
Statistical Analysis
Chi-square, Wilcoxon, Mann-Whitney, and Kruskal-Wallis nonparametric statistical tests were used appropriately. P Ͻ .05 was considered statistically significant.
RESULTS
All the examinations were well tolerated, but 13 patients had cervical heartburn during 24-hour monitoring.
The gastric pH data in Figure 1 show that at early followup, some patients retained an acidic gastric pH profile, whereas the gastric juice of other patients was alkalinized by bilateral truncal vagotomy. However, the prevalence of patients with an acidic gastric profile increased progressively from 32.3% in group 1 to 81.5% in group 2 and to 97.6% in group 3 (P Ͻ .001) (Fig. 2) , and the percentage of time that the gastric pH was less than 2 was 27.3 Ϯ 4.6%, 56.1 Ϯ 4.1%, and 70.5 Ϯ 2.7%, respectively (P Ͻ .001) (Fig. 3) . The percentage in group 3 patients was similar to that in controls for the total (P ϭ .282), upright (P ϭ .618), and supine (P ϭ .544) periods. The percentage of time that the gastric pH was less than 2 in the nine patients investigated twice increased from 28.7 Ϯ 8.8% on the first examination to 81.2 Ϯ 2.4% 3 years later (P ϭ .008) (Fig. 4) , and it was 51.9 Ϯ 3.4% in whole-stomach patients versus 56.9 Ϯ 4.7% in those having a greater curvature tube as esophageal replacement (P ϭ .620). This percentage was 56.5 Ϯ 3.2% in patients who had a gastric drainage procedure versus 44.8 Ϯ 5.5% in those who had not (P ϭ .052), and it was 28.4 Ϯ 6.9% in the 18 group 1 patients who were taking erythromycin orally versus 25.8 Ϯ 5.8% in the 13 group 1 patients who were not (P ϭ .674). Exposure of the gastric mucosa to bile was 12.8 Ϯ 4.3% in patients with a high gastric pH profile versus 19.3 Ϯ 2.7% in those with normal acidity (P ϭ .059) ( Fig. 5 ).
Reflux symptoms became more frequent and severe (Table 1) with time: the prevalence of combined grade 2 and 3 symptoms increased from 6.5% in group 1 to 22.2% in group 2 and to 35.7% in group 3 (P ϭ .013), parallel to a progressive increase in the prevalence of endoscopic esophagitis, which was 4.2%, 15.4%, and 38.5%, respectively (P ϭ .004) (Fig. 6 ). The prevalence of combined grade 2 and 3 reflux symptoms in patients with a normoacidic gastric pH profile was 28.8% versus 7.4% in those with intraluminal gastric hypoacidity (P ϭ .047). The prevalence of esophagitis was 25% in patients with a cervical esophagogastrostomy versus 7.7% in those with an intrathoracic anastomosis (P ϭ .307), and it was 29.8% in patients with an end-to-end manual cervical esophagogastrostomy versus 17.2% in those whose cervical anastomosis had been performed using a terminalized side-to-side semimechanical suture technique (P ϭ .340). Likewise, the prevalence of esophagitis was 26.5% in patients who had a gastric drainage procedure versus 9.5% in those who had not (P ϭ .184), and it was 0% in the 18 group 1 patients who were taking erythromycin orally versus 8.3% in the 13 group 1 patients who were not (P ϭ 1).
Metaplastic changes were found in the esophageal remnant of six patients (6.7%) after a follow-up of 26, 83, 110, 133, 139, and 166 months. They corresponded to a real mucosal transformation rather than to residual Barrett's, because five patients had undergone surgery for a squamous cell carcinoma and one patient for an early adenocarcinoma arising in a Barrett's area that extended from 34 to 38 cm from the incisors. Metaplasia was gastric (n ϭ 4) or intestinal (n ϭ 2) in type, with no evidence of dysplasia. Reflux symptoms in these six patients were graded 1 (n ϭ 2), 2 (n ϭ 2), and 3 (n ϭ 2). All six had a normoacidic gastric pH profile, and two had pathologic gastric exposure to bile.
DISCUSSION
The results of our study show that the denervated stomach as an esophageal substitute recovers a normal intraluminal acidity with time, so that more than 3 years after surgery the 24-hour pH profile in the gastric cavity of almost all patients is similar to that in healthy subjects. Although gastric acid output was not measured, several arguments strongly suggest that progressive recovery of a normal intraluminal pH profile reflects a real reincrease in acid secretion by the gastric wall. First, we know that acid output increases with time in patients vagotomized for duodenal ulcer disease. 8, 13 Second, progressive recovery of a normoacidic pH profile cannot be ascribed to increasingly pronounced intraluminal accumulation of acid in the gastric lumen in relation to postvagotomy delayed gastric emptying. Indeed, emptying of the gastric transplant may improve n ϭ 4 (12.9%) n ϭ 3 (11.1%) n ϭ 12 (28.6%) Grade 2 n ϭ 2 (6.5%) n ϭ 5 (18.5%) n ϭ 4 (9.5%) Grade 3 n ϭ 0 n ϭ 1 (3.7%) n ϭ 11 (26.2%) with time, 14 parallel to antral motor recovery. 6 Intraluminal acidity in the current study was not affected by erythromycin, a drug that enhances both antral motility 7 and emptying 15 after vagotomy, and it was even lower in the absence than in the presence of a gastric drainage procedure. Moreover, although gravity plays a critical role in the emptying of the intrathoracic denervated stomach, 16 intraluminal acidity beyond 3 years was similar to that in controls whatever the patient's position (upright vs. supine). Third, progressive reduction of the neutralizing effect of duodenal juice refluxing into the stomach cannot be incriminated, because exposure of the gastric mucosa to bile was even shorter in patients with than in those without intraluminal hypoacidity.
Progressive acidification of gastric contents during the first 3 years after gastric denervation coincides with the motor recovery process we showed in a previous study. 6 However, there are three major differences between these two processes. First, unlike antral motility, intraluminal acidity is not consistently reduced by total vagotomy, because one third of gastric transplant patients retained a normoacidic gastric pH profile just after surgery. 3 Second, although almost all patients recover a normal intraluminal pH profile beyond 3 years of follow-up, complete motor recovery, including the ability to generate phase 3 of the interdigestive motor complex, was observed in less than 50% of patients. 6 Third, unlike antral motility, recovery of a normal intraluminal acidity is not significantly influenced by resection of the lesser curvature for tubularization. These differences in terms of recovery of normal gastric functions indicate that the submucous plexus within the gastric wall may be much less dependent on vagal inputs than the myenteric plexus.
Actually, vagus nerves fibers have no direct connection with the submucous plexus but terminate on the myenteric plexus within the lesser curvature, [17] [18] [19] so that vagal inputs reach the submucous plexus only through interconnective pathways originating from myenteric ganglia. 20, 21 However, the enteric nervous system within the gastric wall contains the programs that organize both secretory and motor functions of the stomach; thus, this "local brain" can progressively function without any driving input from the central nervous system. 5, 22 Even postvagotomy ultrastructural changes in both neurons within the gastric wall and parietal cells are reversible, 13, 23 while acid secretion increases toward preoperative values. Better recovery of the secretory than the motor function of the denervated stomach probably reflects easier self-reorganization of the submucous plexus because of a less complex architecture than in the myenteric plexus. 5 Moreover, unlike those in the myenteric plexus, 24, 25 nervous ganglia in the submucous plexus have not been shown to be concentrated within the lesser curvature, minimizing the role of resection of the lesser curvature in the recovery of a normal intraluminal pH profile.
As a consequence of progressive recovery of intraluminal gastric acidity, more patients get disabling cervical heartburn and develop esophagitis with time. This is true irrespective of the level of the anastomosis (intrathoracic vs. cervical), the suture technique used (manual vs. semimechanical), the presence or absence of a gastric drainage procedure, and enhancement of antral motility by erythromycin 7, 15 or not. Gastroesophageal reflux may even lead to the development of metaplastic changes in the esophageal remnant, 26, 27 either gastric or intestinal in type. Even though no adenocarcinoma of the cervical esophagus has been reported after gastric pull-up, we know that intestinal metaplasia in the lower esophagus is a well-established condition predisposing to neoplastic transformation. 28 It thus appears from the results of both this and a previous study on antral motility 6 that alimentary comfort evolution after replacement of the esophagus with the stomach is determined by two opposing processes. First, progressive reappearance of high-amplitude antral contractions during the first 3 postoperative years improves alimentary comfort substantially. This improvement 9 consists of a decreased sensation of early postprandial fullness, greater ability to take a normal amount of food, and a reduction in the number of meals eaten during the day. This process may be accelerated dramatically by early administration of erythromycin. 7, 15 The second process consists of the reappearance of a normal intraluminal acidity, with subsequent deterioration of the alimentary comfort because of the development of disabling reflux symptoms and cervical esophagitis. However, because they are unusual at short-term follow-up, 9 reflux symptoms do not alter alimentary comfort in most patients who cannot anticipate long-term survival after esophagectomy for advanced neoplastic disease. In contrast, the potential for the long-term development of a disabling reflux symptomatology and above all of a preneoplastic condition in the cervical esophagus brings into question the use of the stomach as an esophageal substitute after subtotal esophagectomy for benign, dysplastic, or early neoplastic disease. Although these patients should be given histamine blockers or proton pump inhibitors for symptomatic relief, chronic intake of these medications does not prevent the development of Barrett's metaplasia in patients with gastroesophageal reflux disease. 29 One alternative to the use of the stomach as an esophageal substitute is to interpose a long colon segment between the cervical esophagus and the intraabdominal denervated stomach. 30 However, the colon is not always suitable for esophageal replacement because of unfavorable congenital variations in the mesocolic vasculature or the presence of severe atheromatous lesions in supplying arteries, both conditions predisposing to graft necrosis. 31 Second, as shown by the review of Belsey's own series of colon interpositions for benign disease, 32 one third of patients may require a subsequent reoperation to treat late complications, such as graft redundancy in the chest or anastomotic stricture.
A second option in an attempt to protect the esophageal remnant from reflux of gastric juice is to elevate the stom-ach up to the neck and wrap the lower cervical esophagus and anastomosis with the fundus. As shown by Okada et al, 33 this maneuver creates a high-pressure zone at the new gastroesophageal junction. Because it requires a large amount of tissue, construction of a cervical wrap is much easier with the whole stomach than with the stomach that has been tubularized by resection of the lesser curvature and right side of the fundus. 9 
